The stable globin mRNAs provide an ideal system for studying the mechanism governing mammalian mRNA turnover. ␣-Globin mRNA stability is dictated by sequences in the 3 untranslated region (3UTR) which form a specific ribonucleoprotein complex (␣-complex) whose presence correlates with mRNA stability. One of the major protein components within this complex is a family of two polycytidylate-binding proteins, ␣CP1 and ␣CP2. Using an in vitro-transcribed and polyadenylated ␣-globin 3UTR, we have devised an in vitro mRNA decay assay which reproduces the ␣-complex-dependent mRNA stability observed in cells. Incubation of the RNA with erythroleukemia K562 cytosolic extract results in deadenylation with distinct intermediates containing a periodicity of approximately 30 nucleotides, which is consistent with the binding of poly(A)-binding protein (PABP) monomers. Disruption of the ␣-complex by sequestration of ␣CP1 and ␣CP2 enhances deadenylation and decay of the mRNA, while reconstitution of the ␣-complex stabilizes the mRNA. Similarly, PABP is also essential for the stability of mRNA in vitro, since rapid deadenylation resulted upon its depletion. An RNA-dependent interaction between ␣CP1 and ␣CP2 with PABP suggests that the ␣-complex can directly interact with PABP. Therefore, the ␣-complex is an mRNA stability complex in vitro which could function at least in part by interacting with PABP.
mRNA turnover is an important step in the regulation of eukaryotic gene expression. All mRNAs have an intrinsic halflife that contributes to their general level of expression. At one extreme, short-lived mRNAs are necessary to ensure transient expression at distinct stages, as demonstrated by the pattern of c-Myc protein expression (48) . Conversely, long-lived mRNAs are generally associated with specialized differentiated cells that require the accumulation of distinct proteins, as typified by the accumulation of hemoglobin in erythrocytes (50) . Most eukaryotic mRNAs contain elements at either terminus that contribute to their mRNA stability. The 5Ј end contains a m 7 G cap structure, while the 3Ј end contains a polyadenylate [poly(A)] tract. Both of these structures are involved in the stability of an mRNA by providing a layer of protection for the body of the mRNA (48, 51, 53) . The m 7 G cap, along with the cap-binding proteins, protects the 5Ј end from most 5Ј-3Ј exoribonucleases (40, 57) , while the poly(A) tract and the poly(A)-binding protein (PABP) protect the 3Ј end from 3Ј-5Ј exoribonucleases (48) . In many instances, deadenylation and decapping precede decay of the mRNA (8, 11, 39, 55, 57) .
The poly(A) tail functions as a ribonucleoprotein (RNP) complex with PABP, since PABP is essential to stabilize the 3Ј end of an mRNA in mammalian cells (1, 17) . The normally stable polyadenylated ␤-globin mRNA is destabilized in cytosolic extract depleted of PABP or in extract containing PABP sequestered by poly(A) competitor (1) . Similarly, poly(A) competition causes a rapid deadenylation of exogenous polyadenylated simian virus 40 3Ј untranslated region (3ЈUTR) (17) . PABP is a highly conserved, abundant protein present in divergent organisms. A high degree of conservation exists in the amino-terminal region of the protein, which contains four RNP motif RNA-binding domains (RBDs); the carboxyl terminus is more divergent (22) . Although all four RNP motifs are competent to bind RNA individually or in combination, the first two RNP motifs contain the highest affinity for poly(A) sequences and are the major contributors of the poly(A)-binding activity (7, 42) .
Specific cis elements other than the m 7 G cap and poly(A) tail also contribute to mRNA stability. Many of these elements lie in the 3ЈUTR (12, 25) . The most extensively studied element is the AU-rich element (ARE) found in the 3ЈUTRs of many proto-oncogenes and cytokines. The ARE appears to stimulate deadenylation and subsequent decay of an mRNA (9) . ARE-binding proteins have been identified and implicated in both rapid mRNA decay (4) as well as mRNA stabilization (14, 46) . However, the mechanism by which they function remains unclear. The protein coding region of an mRNA also contains cis elements associated with mRNA stability (2, 45, 56) , as well as elements linked to nonsense-mediated mRNA decay in yeast (26) and mammals (42) .
The globin mRNAs are among the most stable mRNAs characterized, with estimated half-lives ranging from 24 to 60 h (36, 49, 59) . They therefore provide an ideal model system to study determinants of mRNA stability. The stability of ␣-globin mRNA is conferred by sequences in the 3ЈUTR. This was first evident from a natural occurring ␣-thalassemia mutation, Constant Spring, which contains a single base substitution at the termination codon which allows ribosomal entry into the 3ЈUTR and results in reduced mRNA levels (35) . The ribosomal entry into the 3ЈUTR disrupts a specific RNP complex termed the ␣-complex which correlates with mRNA stability (60) (61) (62) . The ␣-complex consists of up to six distinct proteins or protein families (28) . Identities of four of these proteins, with apparent molecular masses of 58, 55, 50, and 28 kDa, and are currently unknown. One of the identified proteins is the AUF1/ hnRNP D protein (28) , which is implicated in the ARE-mediated turnover of c-myc mRNA (4, 63) . A second identified protein family in the ␣-complex consists of the polycytidylate [poly(C)]-binding protein ␣-complex protein 1 (␣CP1) and the highly homologous ␣CP2 (30; also referred to as PCBP in reference 34 and hnRNP E in reference 44). These proteins have been implicated in both mRNA stability and translational regulation (3, 18, 30, 44, 60) . ␣CP1 and ␣CP2 are essential for the formation of the ␣-complex since sequestration of these proteins by the addition of poly(C) or poly(dC) competitor or depletion of the extract with poly(C)-agarose beads prevents assembly of the ␣-complex (29, 30, 60) . Although the ␣-complex has been implicated in mRNA turnover, the mechanism by which it functions remains unknown. Use of transgenic mice expressing the human ␣-globin mRNA suggests that the ␣-complex may contribute to the deadenylation rate of the mRNA since the wild-type ␣-globin mRNA had a length different from that of a naturally occurring mutant mRNA (39) .
In our efforts to determine the mechanism by which the ␣-complex might function to stabilize mRNA, we devised an in vitro mRNA decay system. Studies in higher eukaryotes have been hampered by the lack of assays which enable manipulation of the mRNA and protein components. Nevertheless, various in vitro systems have proven useful for certain mRNAs. Current systems to study mRNA turnover in vitro include the use of polysomal fractions, ribosomal salt wash fractions, or nuclear extracts (6, 17, 47) ; more recently, soluble cytosolic extract systems have also been developed (5, 16) . We have expanded on these approaches and used polyadenylated mRNA with soluble cytosolic S130 extract to demonstrate an ␣-complex-dependent RNA stabilization in vitro by an interaction of the ␣-complex with PABP.
423 grown to an optical density at 600 nm (OD 600 ) of 0.5 and induced overnight with 0.4 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at room temperature. Recombinant bPAP was purified on a nickel column as recommended by the manufacturer (Novagene). Recombinant His-tagged human PABP was expressed and purified similarly except bacterial growth was carried out at 37°C and induced with 0.2 mM IPTG for 12 h.
Western analysis. Western blots were carried out with a total of 50 g of S130 extract or depleted S130 extract. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12.5% polyacrylamide gel) and transferred to nitrocellulose as previously described (27) . The ␣CP proteins were detected by a chicken anti-␣CP which was generated against a GST-␣CP1 fusion protein (24) and subsequently affinity purified with the HiTrap (Pharmacia) column conjugated to His-tagged ␣CP1 as recommended by the manufacturer. A 1:100 dilution of the primary antibody was used and visualized by enhanced chemiluminescence using a horseradish peroxidase-conjugated goat anti-chicken secondary antibody (1:7,000 dilution; Accurate Chemicals, Westbury, N.Y.). PABP was detected by antibody 10E10 (19) at a 1:1,000 dilution and visualized by enhanced chemiluminescence using horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:5,000 dilution; Cappel, West Chester, Pa.).
RNA production and polyadenylation. The ␣-globin 3ЈUTR was PCR amplified with primers that introduce a T7 bacteriophage promoter at the 5Ј end. The PCR product was phenol-chloroform extracted once, chloroform extracted twice, ethanol precipitated, and washed with 70% ethanol. RNA transcripts were generated with T7 polymerase (Promega) according to the manufacturer's protocol, using 200 ng of template. Uniformly labeled riboprobes were generated similarly except that the reaction was carried out in the presence of [␣- 32 P]UTP and m 7 G(5Ј)ppp(5Ј)G cap analog. Unincorporated nucleotides were remove with a Sephadex G-50 spin column (Pharmacia). 5Ј-end-labeled RNA was generated with vaccinia virus capping enzyme (54) . Twenty picomoles of uncapped RNA was incubated with 20 U of capping enzyme for 1 h at 37°C in a 15-l reaction mixture containing 50 mM Tris-HCl (pH 7.9), 1.25 mM MgCl 2 , 6 mM KCl, 2.5 mM DTT, 1 mM S-adenosylmethionine, 100 g of bovine serum albumin per ml, and 90 Ci of [␣-
32 P]GTP. The reaction was terminated with ULB (7 M urea, 2% SDS, 0.35 M NaCl, 10 mM EDTA, 10 mM Tris [pH 7.5]), ethanol precipitated with 20 g of glycogen carrier, and resolved on an 8% denaturing polyacrylamide gel. The RNA was visualized and excised from the wet gel with autoradiographic guidance, and the RNA was eluted with a 45-min incubation at 65°C in elution buffer (20 mM Tris [pH 7.5], 0.5 M sodium acetate, 10 mM EDTA, 1% SDS). Residual acrylamide was removed by passage through a glass wool spin column, and the RNA was ethanol precipitated with 20 g of glycogen carrier. A second ethanol precipitation was followed by a 70% ethanol wash to ensure that all of the SDS was removed.
Polyadenylation reactions were carried out as described by Gunderson et al. (23) , with slight modifications. Approximately 20 pmol of ␣-globin 3ЈUTR riboprobe was adenylated under nonspecific polyadenylation conditions with purified His-tagged bPAP in a buffer consisting of 10 mM Tris (pH 7.5), 65 mM KCl, 0.75 mM MnCl 2 , 5 mM DTT, 0.14 mM EDTA, 11% glycerol, 0.12 mg of bovine serum albumin per ml, 0.05 mg of tRNA per ml, and 0.75 mM ATP. The reactions were carried out at 37°C. The amount of bPAP and the time of incubation were determined experimentally for each enzyme preparation and RNA sample. Usually, 1 to 3 l of bPAP was required for a 15-min reaction to yield ϳ90 adenylate residues. The reaction was terminated with ULB, and the polyadenylated RNA was gel purified as described above.
In vitro mRNA decay assays. In vitro mRNA decay reactions were carried out with 0.1 pmol (10 3 cpm) of 5Ј capped and polyadenylated ␣-globin 3ЈUTR with 60 g of protein from K562 S130 extract in IVDA buffer (10 mM Tris [pH 7.5]), 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM DTT, 10 mM creatine phosphate, 1 mM ATP, 0.4 mM GTP, 0.1 mM spermine) for the indicated times at 37°C. Reactions were stopped with the addition of 150 l of ULB spiked with a 32 P-labeled oligonucleotide which was used as an internal control for RNA extractions and precipitation. Following a phenol-chloroform extraction, the RNA was ethanol precipitated with 20 g of glycogen, resuspended in 80% formamide dye, and resolved on an 8% polyacrylamide-7 M urea gel. The dried gel was exposed to Kodak BioMax film. Quantitations were carried out on a Molecular Dynamics PhosphorImager using the ImageQuant software.
Yeast two-hybrid interaction assays. Saccharomyces cerevisiae Hf7c cells transformed with a plasmid expressing a Gal4 DNA-binding domain fusion protein and a plasmid expressing a Gal4 transcription activation domain fusion protein were grown overnight at 30°C in synthetic medium lacking tryptophan and leucine. Tenfold dilutions corresponding to 10 l of a 0.25-OD 600 culture or 10 l of a 1:10 or 1:100 dilution of these cells were spotted onto Trp Ϫ Leu Ϫ His Ϫ synthetic medium plates to determine the presence of protein-protein interactions. An interaction between the DNA-binding domain and the transcriptional activation domain of the fusion proteins results in the production of the HIS3 gene product and enables the cells to grow on minimal medium lacking histidine. Similarly, cells were spotted on Trp Ϫ Leu Ϫ synthetic medium plates to determine the density of cells grown without selective pressure for protein-protein interactions. ␤-Galactosidase assays were carried out with yeast extract as described elsewhere (13) . The human HeLa cDNA library, plasmids pGBT9 and pGAD424, and S. cerevisiae Hf7c were obtained from Clontech Inc. The library screening was carried out as suggested by the manufacturer with approximately 6 ϫ 10 6 total transformants seeded. Of the original 62 positive growth colonies analyzed, 5 were determined to be authentic interactions; one of these was PABP.
In vitro translation and protein-protein interactions. In vitro translation and protein-protein interaction assays were carried out as described by Kiledjian et al. (28, 29) . Bacterial extract containing 3 g of full-length GST-␣CP1, GST-␣CP2, or GST domain alone was bound to 25 l of glutathione-Sepharose beads in PBS containing 0.5% Triton X-100, 3 g of leupeptin per ml, and 0.5% aprotinin for 15 min at 4°C, washed four times in the same buffer, and then washed in RNA-binding buffer (10 mM Tris [pH 7.0], 150 mM KCl, 0.5 mM DTT). GST fusion proteins coupled to glutathione-Sepharose beads were incubated with an equivalent of 1.5 ϫ 10 5 cpm of trichloroacetic acid-precipitable counts of [
35 S]methionine-labeled in vitro-translated PABP or U1A protein to detect protein-protein interactions. Incubations were carried out for 1 h at 4°C on a nutator in RNA-binding buffer with 3 g of leupeptin per ml and 0.5% aprotinin. The beads were subsequently washed five times in the PBS containing 1% Triton X-100 and once with PBS. The dried beads were resuspended in SDS-PAGE sample buffer, boiled for 3 min to elute proteins, and resolved on a SDS-PAGE (12.5% gel) followed by autoradiography. Where indicated, 20 pmol of oligo(dC) was incubated with the GST fusion protein bound to the GSTSepharose beads. Binding of oligo(dC) to the fusion protein was carried out on a nutator for 5 min at room temperature prior to addition of the in vitrotranslated PABP or U1A protein. When RNase was included in the interaction reactions, either 40 ng of RNase A and 4 U of RNase T 1 or 1 g RNase A and 150 U of RNase T 1 were used as indicated.
RESULTS
Establishment of an in vitro mRNA decay assay. To begin addressing the mechanism by which the ␣-complex influences mRNA turnover, we established an in vitro mRNA decay assay. We used the ␣-globin 3ЈUTR RNA and cytosolic S130 extract as the protein source. The choice of these reagents was based on the observation that the stability of ␣-globin is conferred by the 3ЈUTR and the ␣-complex proteins are present in the cytoplasmic fraction. To establish conditions which recapitulate the in vivo ␣-complex-dependent RNA stability in vitro, we compared the stability of the wild type ␣-globin 3ЈUTR to that of a mutant 3ЈUTR. The mutant 3ЈUTR was generated by a deletion of the region implicated in vivo to be essential for ␣-globin mRNA stability (62) . The deletion removes 39 nucleotides of the 3ЈUTR sequence and is unable to bind the ␣-complex (data not shown). This same region was also demonstrated to be the binding site for the ␣-complex in vitro (24) .
In an effort to closely mimic a natural mRNA, the in vitrotranscribed 3ЈUTR was capped at the 5Ј end and polyadenylated at the endogenous poly(A) addition site at the 3Ј end (see Materials and Methods). The capping reaction was carried out with [␣-32 P]GTP to label the 5Ј end of the RNA. Polyadenylated 3ЈUTR containing approximately 80 to 120 adenylate residues was gel purified and incubated with K562 cytosolic S130 extract (Fig. 1A) . Incubation of the polyadenylated ␣-globin wild-type 3ЈUTR (␣ wt A ϩ ) or the polyadenylated deletion mutant 3ЈUTR (␣ ⌬mt A ϩ ) with S130 extract for up to 6 h reveals three interesting observations. First, ␣ wt A ϩ was considerably more stable than ␣ ⌬mt A ϩ ( Fig. 1A ; compare lanes 2 to 6 with lanes 8 to 12). With these assay conditions, the half-lives of ␣ wt A ϩ and ␣ ⌬mt A ϩ are approximately 5 and 1.5 h, respectively (Fig. 1B) . Similar results were obtained with uniformly labeled RNAs (data not shown). The differences in stability are consistent with the in vivo ␣-complex-dependent FIG. 1. Differential stability of ␣-globin mRNA in an in vitro mRNA decay assay. In vitro mRNA decay reactions were carried out with 5Ј-end-labeled
Decay reactions were carried out in the presence of K562 S130 extract at 37°C. Positions of migration of the unadenylated 3ЈUTRs are labeled "␣ wt A Ϫ " and "␣ ⌬mt A Ϫ " in lanes 1 and 7, respectively, and the input adenylated 3ЈUTRs are shown in lanes 2 and 8. Incubation times ranged from 1 h to 6 h as indicated. Reactions were stopped with ULB; RNA was isolated and resolved on an 8% polyacrylamide-7 M urea gel and visualized by autoradiography (see Materials and Methods). The bands designated "Internal control" are derived from a labeled oligonucleotide which was included in ULB to normalize for RNA extractions and gel loading. stability reported by Weiss and Liebhaber (62) for RNAs that can and cannot form the ␣-complex (60). Second, decay of the RNA did not yield a smear; rather, it resulted in discrete bands. Since the RNA used in this experiment is labeled at the 5Ј end, the resulting intermediates are a result of 3Ј-to-5Ј decay products. The observed bands are predominantly longer than the 3ЈUTR, indicating that they are within the poly(A) tail. These bands were uniformly spaced at approximately 30 nucleotides (also shown in Fig. 2 and 4) . The size is consistent with the length of a single PABP-binding site (19, 52) and most likely corresponds to monomers of PABP being removed progressively from the 3Ј end of the poly(A) tail (see below). Differential stability and phased deadenylation were also observed when mouse erythroleukemia cell extract was used (data not shown). These data are consistent with those obtained for reticulocytes expressing endogenous mouse globin (20, 21) and transgenic mice expressing human ␣-globin (39). In both cases, phased poly(A) tail lengths were observed. Third, the fully adenylated form of the ␣ wt A ϩ (Fig. 1A , top band, lanes 3 to 6) persisted longer than did the fully adenylated form of ␣ ⌬mt A ϩ (Fig. 1A, top band, lanes 9 to 12) . The persistence of the fully adenylated form of ␣ wt A ϩ compared to ␣ ⌬mt A ϩ is plotted in Fig. 1C . This result demonstrates that the two RNAs deadenylate at different rates and the initial deadenylation rate is higher for the mutant RNA. These data are consistent with observations by Morales et al. (39) . Therefore, the overall differential stability observed between the wild-type and mutant ␣-globin mRNAs which are unable to form the ␣-complex is conserved in this in vitro assay system which uses the 3ЈUTR only. The data further suggest that the ␣-complex is involved in mRNA stability in vitro.
To determine whether the ␣-complex contributes to the stability of the ␣-globin 3ЈUTR, we used competitor oligonucleotides that are capable of disrupting formation of the ␣-complex by sequestering the poly(C)-binding proteins ␣CP1 and ␣CP2. Since these proteins are necessary to assemble the ␣-complex, addition of poly(C) (30, 60) , poly(dC) (29) , or a thioated oligonucleotide containing 16 cytidylate bases [oligo(dC)] (data not shown) disrupts formation of the ␣-complex on the ␣-globin 3ЈUTR. To circumvent concerns pertaining to the potential degradation of competitor RNA oligonucleotides, thioated deoxyoligonucleotides were used to disrupt the ␣-complex. Uniformly labeled ␣ wt A ϩ was gel purified and incubated with K562 cytosolic S130 extract in an in vitro mRNA decay assay for up to 2 h. Incubation of ␣ wt A ϩ with S130 extract was carried out in the presence of either nonspecific competitor consisting of a thioated deoxyoligonucleotide with random sequence (Fig. 2, lanes 3 and 4) or oligo(dC) to compete the ␣-complex (lanes 5 and 6). During the 2-h incubation in the presence of the nonspecific competitor, 60% of the mRNA remained in the intact polyadenylated form (lanes 3 and 4). In contrast, addition of the oligo(dC) competitor, which disrupts the ␣-complex, resulted in a greater decay of the RNA, with only 30% of the polyadenylated RNA retained and a more pronounced deadenylation (lanes 5 and 6). Incubation of the oligonucleotides alone with the RNA had no effect (data not shown). As expected, oligo(dC) did not have an effect on the decay or deadenylation of the deletion mutant, ␣ ⌬mt A ϩ , which does not form the ␣-complex (Fig. 2B) . These data suggest that the ␣-complex is necessary for the overall stability of the ␣-globin mRNA and that it functions at least partially by hindering deadenylation.
The ␣-complex impedes deadenylation. To more precisely ascertain whether the effect on deadenylation is a consequence of the ␣-complex, and in particular ␣CP1 and ␣CP2, rather than a result of using deletion mutations or oligonucleotide competitors, the mRNA decay reactions were repeated with poly(C)-depleted extract. Poly(C)-binding activity (which includes ␣CP1 and ␣CP2) was removed from the S130 extract by repeated incubations with poly(C)-agarose beads (see Materials and Methods). The extent of ␣CP depletion is demonstrated in Fig. 3A by Western analysis with an antibody specific to ␣CP. The resulting extract, which lacks the ability to form the ␣-complex (30), was used in the in vitro mRNA decay reactions. On average, approximately twofold less fully adenylated input ␣ wt A ϩ was observed with poly(C)-depleted extract than with complete S130 extract (Fig. 3B, lanes 3 and 4) . This result demonstrates that the deadenylation and decay observed with the addition of the oligo(dC) competitor in Fig. 2 was not due to a nonspecific effect of oligonucleotide addition to the reaction but due to the removal of the ␣CPs. Furthermore, the involvement of the ␣CPs in the stability was demonstrated by a brief preincubation of the depleted extract with an increasing amount of a purified fraction containing both ␣CP1 and ␣CP2 prior to addition of the RNA. A stabilization of approximately 85% of the input adenylated RNA was observed upon addition of the ␣CPs (Fig. 3B, lanes 5 to 7) . No significant effect was observed upon addition of a nonspecific RNA-binding protein (the hnRNP U carboxyl-terminal RBD [27] ) (lanes 8 to 10). These data demonstrate that the ␣-complex is involved in mRNA stability and the ␣CPs are integral to the ␣-complexmediated stabilization of adenylated ␣-globin mRNA in vitro.
PABP is important in protecting the ␣-globin poly(A) tail. The binding of PABP to the poly(A) tail appears essential for stabilizing the 3Ј end of higher eukaryotic mRNAs (1, 17) . The periodicity of the deadenylation products observed in Fig. 1 to  3 suggests a pausing of nuclease activity at PABP monomers and supports the role of PABP in this assay system. To directly determine if PABP contributes to the stability of the ␣-globin 3ЈUTR in this system, poly(A)-depleted extract was used with 5Ј-end-labeled ␣ wt A ϩ in an in vitro mRNA decay reaction. Poly(A)-binding activity was removed with repeated incubation of the S130 extract with poly(A)-agarose beads, and the extent of depletion is shown by the Western blot in Fig. 4A with an antibody specific to PABP. Incubation of 5Ј-end-labeled ␣ wt A ϩ with complete S130 extract for 2 h produced the characteristic deadenylated intermediates which retained approximately 75% of the input RNA as expected (Fig. 4B, lane  3) . However, use of the poly(A)-depleted extract resulted in rapiddeadenylation,withsubsequentaccumulationofthedeadenylated RNA (lane 4). The rapid deadenylation was slowed, and a progressive stabilization of ␣ wt A ϩ was observed upon addition of human recombinant His-tagged PABP to the depleted extract (lanes 5 to 10). There was a direct correlation between the increasing amount of PABP added to the depleted extract and the length of the stable poly(A) remaining. At the highest concentrations of PABP added, approximately 95% of the input RNA was retained after 2 h. No effect was detected with the addition of the hnRNP U RBD at the highest concentration (lane 11). Interestingly, PABP does not appear to be in excess since addition of PABP further stabilized the RNA compared to complete extract (compare lane 10 to lane 3). Furthermore, the length increase was consistent with the intermediates observed in Fig. 1 through 3 , demonstrating that these intermediates are the result of PABP monomers bound to the poly(A) tail. Collectively, the above results demonstrate that both the ␣-complex and PABP contribute to protecting the 3Ј end of the mRNA in this in vitro system. ␣CP1 and ␣CP2 can interact with PABP. In a parallel effort to identify proteins which interact with the ␣CPs, we used the yeast two-hybrid strategy (15) . The human ␣CP2 coding region fused to the Gal4 DNA-binding domain was used to screen a human cDNA library. Interestingly, one of the positive clones identified encoded PABP. The isolated clone contained a truncation of the first 198 amino acids. This truncation deletes the first two RNP motif RBDs and the amino-terminal 19 amino acids of the third RBD. The resulting protein therefore contains one intact RBD (the fourth RNP motif) and the entire carboxyl-terminal auxiliary domain which has been proposed to mediate protein-protein interactions (33) . A representative example of the protein-protein interactions between the isolated N-terminal truncated PABP and the proteins ␣CP1 and ␣CP2 determined by both a ␤-galactosidase assay and growth selection, are shown in Fig. 5 . Figure 5A lists the combination of proteins used, and the corresponding results are shown in Fig. 5B and C. Figure 5C shows a growth assay with a serial 10-fold dilution of cells. Cells containing fusion proteins that are able to interact are competent to grow under selective conditions (see Materials and Methods). Transformed cells harboring ␣CP1 fused to the DNA-binding domain were unable to interact with the nonspecific hnRNP U RBD (row 1). ␣CP2 contained a low level of background interaction, as de- tected by growth at the lower dilution (row 2). Both ␣CP1 and ␣CP2 proteins are able to interact with the AUF1 protein (also known as hnRNP D), as previously demonstrated (28) . Both proteins are also able to efficiently interact with PABP, as demonstrated by selective growth at the higher dilutions (compare rows 1 and 5 and rows 2 and 6). The interaction with PABP appears specific since PABP was unable to interact with the hnRNP U RBD (row 7). Similar results were obtained in a ␤-galactosidase assay to detect protein-protein interactions (Fig. 5B) . Use of the hnRNP U RBD control further suggests that the interaction between the ␣CPs and PABP does not occur through RNA tethering since the control is also an RNA-binding protein. Surprisingly, the interaction of ␣CP1 and ␣CP2 with full-length PABP was less efficient than with the isolated N-terminal truncated PABP in the yeast two-hybrid assay (data not shown). It is possible that inclusion of the N-terminal portion within the contents of a Gal4-PABP fusion protein interferes with the interaction in this system. Nevertheless, PABP does have the potential to specifically interact with both ␣CP1 and ␣CP2 in cells.
The interaction between ␣CP1 and ␣CP2 with full-length PABP can be detected in vitro in GST pull-down assays (Fig.  6A) . PABP that was transcribed and translated in vitro in the presence of [ 35 S]methionine can copurify with bacterially expressed GST-␣CP1 and GST-␣CP2 fusion proteins (lanes 2 and 3). The interaction of PABP with ␣CP1 and ␣CP2 is specific since an interaction was not detected with the GST domain alone (lane 4). However, this interaction was dependent on RNA since mild RNase A and T 1 treatment significantly reduced the extent of the interaction between the ␣CPs and PABP (lanes 6 and 7). To rule out the possibility that the interaction was mediated through RNA tethering, the 16-base oligonucleotide oligo(dC) was used as a binding substrate for ␣CP1 or ␣CP2. An oligonucleotide of this length is sufficient to bind and sequester the ␣CPs (29) (Fig. 2) . The fact that PABP does not bind poly(C) (7, 33, 43) and that the oligonucleotide is of a minimal size makes it unlikely that both an ␣CP and a PABP molecule are tethered simultaneously on the same oligonucleotide. Figure 6B demonstrates that the interaction of ␣CP1 or ␣CP2 with PABP was resistant to excessive RNase treatment when the ␣CP proteins were bound to oligo(dC) (lane 2 and 3). However, addition of oligo(dC) had no effect on the interaction of the ␣CPs with another RNA-binding protein, the U1 snRNP-specific U1A protein, where efficient interactions were not detected under similar conditions (lanes 5 to 8). These data support the premise that the interaction is nucleic acid dependent but not caused by the tethering of the proteins on the same RNA molecule. Furthermore, these data indicate that the ␣-complex could influence deadenylation through an interaction of either ␣CP1 or ␣CP2 with PABP.
DISCUSSION
Using an in vitro mRNA decay assay, we have demonstrated that the ␣-complex is necessary for the stability of the ␣-globin 3ЈUTR in vitro. These observations are consistent with the turnover of ␣-globin mRNA in cells. Wild-type ␣-globin mRNA is approximately threefold more stable than a mutant mRNA unable to form the ␣-complex (62). We can detect similar ratios of differential stability in vitro for wild-type and mutant ␣-globin 3ЈUTRs (Fig. 1) . The influence of the ␣-complex on deadenylation has been suggested by Morales et al. (39) for transgenic mice expressing human ␣-globin genes. Poly(A) tail lengths for the expressed wild-type transgene were longer than those of a mutant transgene unable to form the ␣-complex, suggesting that the rate of deadenylation was faster for the mutant. Consistent with these results, the initial rate of deadenylation observed for the ␣ wt A ϩ RNA was greater than the rate of deadenylation for the ␣ wt A ϩ RNA in vitro ( Fig. 1A  and C) . In addition, distinct size classes of poly(A) tail lengths have been observed for globin mRNAs in cells with shorter poly(A) tails accumulating over time (20, 21) . These data suggest that deadenylation is an initial step in the turnover of globin mRNA. In fact, deadenylation has been demonstrated as the initial step in the turnover of human ␥-globin mRNA (37) . Our data indicate that ␣-globin turnover also precedes through a deadenylation pathway in vitro and that this pathway is influenced by the ␣-complex. Removal of the ␣-complex from the ␣-globin mRNA, by either deleting its binding site or sequestering the ␣CPs, resulted in accentuated deadenylation and mRNA turnover. The interaction detected between the two proteins ␣CP1 and ␣CP2 and PABP indicates that the influence on deadenylation is mediated through PABP possibly by influencing the activity or binding affinity of this protein. Such a mechanism could also account for the stability of ␣-globin mRNA in vivo.
The phased distribution of the globin poly(A) tail length (20, 21, 39) suggests that deadenylation of globin mRNA occurs in a nonprocessive fashion involving sequential removal of PABP molecules. Removal of each PABP molecule exposes a segment of the poly(A) tail to a deadenylase which appears to pause upon contact with the next PABP. We have been able to recapitulate this activity in vitro with a polyadenylated ␣-globin 3ЈUTR. Consistent with previous reports (1, 10, 17, 31, 32) , the presence of PABP inhibits deadenylation. Removal of PABP with poly(A) depletion results in rapid mRNA deadenylation which can be reversed upon addition of PABP (Fig. 5) . Although the deadenylase has not been identified, it appears to be poly(A) specific since full-length unadenylated 3ЈUTR can be detected, suggesting that upon removal of the poly(A) tail, the deadenylase does not (at least efficiently) degrade the body of the mRNA. The deadenylation activity also requires divalent cations due to its sensitivity to EDTA and is ATP independent (data not shown). The activity might be similar to the deadenylating nuclease described by Körner et al. which is poly(A) specific and cation dependent (31, 32) .
PABP appears to be the major contributor to ␣-globin mRNA stability with this in vitro system. Sequestration of PABP has a more dramatic effect on deadenylation (Fig. 4) than sequestration of the ␣CPs (Fig. 3) . PABP most likely provides a default stability to the ␣-globin mRNA, and the ␣-complex seems to further augment the stabilizing ability of PABP. A model for the mechanism by which the ␣-complex influences deadenylation is presented in Fig. 7 . The ␣-complex which binds to the ␣-globin 3ЈUTR can exert an influence on PABP bound to the poly(A) tail and slow deadenylation. This influence is most likely mediated through a direct interaction of ␣CP1 and ␣CP2 with PABP. It is unclear whether this interaction is with one or multiple PABPs. Upon removal of the ␣-complex, a default poly(A) tail-PABP complex that is less efficient at preventing the activity of a deadenylase remains. Like the interaction of yeast eIF4G with PABP, which requires RNA (58), interaction of the ␣CP proteins with PABP is RNA dependent. It appears that RNA binding of the ␣CPs enables a more efficient protein-protein interaction, perhaps by exposing an interaction domain. Such an interaction could serve to stabilize the binding of PABP to the poly(A) tail and inhibit deadenylation.
Although the overall conclusion from Fig. 1 through 3 is that the ␣-complex affects stability and deadenylation, slightly different intermediates and/or abundance of intermediates appear to accumulate with the different approaches used to sequester the ␣-complex. In particular, use of poly(C)-depleted extract resulted in decay intermediates within the 3ЈUTR (Fig.  3) . The presence of these bands may reflect the removal of additional proteins during the poly(C) depletion which are involved in the turnover of ␣-globin mRNA. Alternatively, the ␣-complex may contribute to mRNA stability by a mechanism(s) in addition to deadenylation since stable unadenylated ␣ wt A ϩ RNA is detected in Fig. 5 upon removal of PABP. The ␣-complex might affect the activity of an exoribonuclease or the activity of an endoribonuclease within the 3ЈUTR. Furthermore, our data do not exclude the possibility that factors in addition to the ␣-complex contribute to the stability of ␣-globin mRNA. Further studies are required to determine the potential contribution of the ␣-complex on RNases and the potential role of non-␣-complex proteins in ␣-globin mRNA stability. FIG. 7 . Model of the ␣-complex function during ␣-globin mRNA deadenylation. The ␣-globin mRNA is denoted by a line, the filled circle represents the 5Ј cap, and the translation start (AUG) and stop (UAA) sites with the traversing ribosomes shown within the coding region. The ␣-complex indicated by the large oval on the 3ЈUTR includes the four unknown proteins p58, p55, p50, and p28 along with AUF1 and an ␣CP (28). The poly(A) tail is shown on the 3Ј end bound by two PABPs. A potential interaction between the ␣CP in the ␣-complex and PABP on the poly(A) tail is shown. A putative deadenylase is indicated. The interaction between the ␣-complex and PABP is postulated to stabilize the poly(A) tail by rendering it resistant to deadenylation.
The PABP clone isolated in the two-hybrid screen as interacting with ␣CP2 contains an amino-terminal truncation of 198 amino acids. This clone contains the carboxyl two-thirds of the protein which includes part of the third and all of the fourth RNP motif and the entire C-terminal domain. Therefore, the interaction domain must be contained within this carboxyl twothirds of the protein. PABP contains four RBDs which have all been demonstrated to bind RNA, yet the prominent poly(A)-binding activity of Xenopus and yeast PABP is dependent on the first two RNP motifs (7, 43) . The fact that the first two RNP motifs are not necessary for the interaction of PABP with the ␣-complex indicates that the predominant poly(A)-binding activity and the ␣-complex interaction domains are contained in distinct regions of the protein. This is consistent with our model where PABP can interact with the ␣-complex while bound to the poly(A) tail (Fig. 7) . Further mapping of the interaction domain will reveal the precise boundaries of these domains. An additional example of a KH domain protein interacting with PABP was recently reported. The yeast PBP2 protein, which shares approximately 25% identity with the ␣CPs, was isolated by its ability to interact with the yeast PABP in a two-hybrid screen (38) . The significance of the PABP-PBP2 interaction and any potential role in mRNA turnover are not known.
The in vitro mRNA decay system described here could potentially be utilized with any mRNA whose turnover is regulated by soluble factors. It is a rapid and convenient assay system with ample versatility as a general functional assay for mRNA deadenylation and turnover. We are currently determining whether the ␣-complex can facilitate mRNA stability by means other than removal of the poly(A) tail in globin and other mRNAs to which it can bind. The use of this assay system should considerably expedite our ability to delineate the mechanism of regulated eukaryotic mRNA turnover.
